Keywords: Halloysite Silica-alumina refractory Ceramic aggregate Mechanical properties North Eastern Rif (Morocco) a b s t r a c t The present study is a contribution to the valorization of halloysite clay from North Eastern Rif (Nador, Morocco) in the field of Silica-alumina refractory. For this purpose, six mixtures (M1-M6) were tested using marl, diatomite and silica sand aggregates in order to enhance halloysite performances, and to develop high temperature ceramic up to 1300 • C (silico-aluminous refractory "S-Al-R"). Among all the mixtures tested, the mixture M6 provides good technical quality: Porosity (P) = 21.75%; density (d) = 1.94 g/cm 3 ; thermal shrinkage (R) = 2.7% and flexural strength (Rf) = 29.05 MPa. Addition to the mixture (M6) of 25% of the recycled alumina "Rec-Al", obtained from silico-aluminous refractory bricks waste, has substantially strengthened the mechanical performance of the silico-aluminous refractory (Rf = 45.08 MPa). CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Faced with the growing developments and numerous innovations that are appearing in ceramic industry, in particular refractory retains the largest shares of ceramics market worldwide. The strategic importance of these materials is considerable, they respond to a real demand of four important economic sectors [1] : (1) traditional materials of high temperature, such as metallurgy, glass and ceramics. Notably, iron and steel alone represent about 60% of the used materials; (2) environment sector, principally in the field of waste recycling and energy recovery; (3) petrochemistry and emerging biofuels sector of 2nd generation through thermo-chemical processes; (4) clean energy and electricity production, such as hydrogen production or new generation of nuclear power plants (EPR generation IV).
In recent decades, several works have been done on refractory materials and their applications [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Based on their chemical and mineralogical nature, refractories are divided into three categories: (1) silico-aluminous refractories, which range from pure silica to pure alumina, in order of increase alumina and decrease silica contents; (2) basic refractories, consisting of simple or combined basic oxides (magnesia, lime, chromium oxide, dolomite and forsterite); (3) special refractories that correspond to particular uses (e.g. construction of crucible, some parts of furnaces).They include materials like pure alumina, sialons (Si Al O N), thoria (ThO 2 ), beryllia (BeO), zirconia, boron nitride, carbon, carbides and spinel.
In this work we are interested in the acid refractories (silico-aluminous system). In Morocco, and more particularly in the North-Eastern Rif (Fig. 1) , a wide range of geomaterials deposits are available (e.g. volcanic, metamorphic, and sedimentary). Among them, we selected and characterized essentially mineral substances having a high silico-aluminous amount (Fig. 1 ) favorable for refractory ceramic. Clayey raw material consists of halloysite, which is the most frequently used for refractory manufacture, due to its high alumina content. Moreover, this raw halloysite has shown a relatively high shrinkage of around 7.5% and a crack development at 1100 • C [20] . The reason why appropriates formulations must be made in order to avoid any manufacturing defects. It is recognized that the performance of a refractory material is directly related to its texture and richness in refractory minerals such as mullite, corundum, periclase, spinel and alumina [21] [22] [23] [24] [25] [26] . Marl, diatomite and silica sand, have been successfully used as aggregates to improve technical quality of ceramic products [18, [27] [28] [29] .
The silico-aluminous refractories are based on synthesis of mullite, by the reaction of silica and alumina oxides at temperature higher than 1200 • C. In the absence of natural alumina-rich mineral substances (bauxites) in Morocco [7] , we have tried to enhance strangeness of halloysite by recycled alumina (Rec-Al) from former aluminous refractory. The reuse of waste from silico-aluminous refractory brick permit to eliminate some waste by recycling and help to solve problems related to the lack of aluminous raw materials.
The objective of this work is to develop refractory bricks based on raw halloysite mixed with silico-aluminous mineral aggregates and improved with the addition of recycled alumina (Rec-Al).
Materials and experimental procedures

Materials
Halloysite
The halloysite deposit is located in the southern part of the Neogene basin of Melilla (NE Morocco), at the foot of the Gourougou volcano, in the Maaza valley (x: 35 • 16 43.751 y: 3 • 01 20.865 ) ( Fig. 1 ). White layer of halloysite, of 25-130 cm thick ( Fig. 2a ), occurred in wedge-shaped form in contact with lower reef limestone and upper volcanic sand, associated with a gray-colored alunite [20, 34] .
Marl
The raw marl is originating from the Molay Rachid basin, situated at 30 km SE from the city of Nador (x: 35 • 16 43.751 y: 3 • 01 20.865 )( Fig. 1 ). This marl corresponds to marine deposit of late Miocene age. The sediment is very fine grain, gray and friable, which changes to a, yellowish or greenish color toward the upper level. This material is currently exploited locally for brick manufacture (Fig. 2b ). 
Diatomite
Silica sand
The silica sand material is from an artisanal quarry situated 3 facies of up to 200 m-thick and belongs to the Beni Snassen Massif [35] . The exploitable sand is found in shallow layers intercalated with marl levels of late Jurassic age. The sand is coarse (0.1-0.4 mm), composed of limpid quartz with smooth surface [7, 36] .
Recycled refractory brick waste
Silico-aluminous refractory brick waste (Rec-Al) used as coatings in furnaces of ceramic or steel industry is reused in this study as an additive to enhance technological properties of raw halloysite. These bricks served as coatings in furnaces for a short period of 3 years and thus present low level of contamination. The waste of refractory brick is finely grounded (<100 m) and added in the mixture as supplement of alumina.
Experimental procedures
Mineralogical and chemical analysis
The mineralogical composition was identified by X-ray diffraction (XRD) using a powder Brucker D8-Advance diffractometer (University of Liege, Belgium) operating at 40 kV and 25 mA using Cu-K␣1 radiation ( = 1.5406Å). For the analysis of the total disoriented powder 1 g of the sample was sieved to 250 m and placed on a sample holder and then gently compacted in order to limit any preferential orientation of minerals. The relative abundance of minerals has been estimated semi-quantitatively (± 5%) from the height of the main peak multiplied by correction factors [37, 38] . The clay mineralogy was determined on oriented mounts [39] prepared from the < 2 mm fractions obtained by dispersion in distilled water of 1 g of the bulk sample. The suspension was first sieved at 63 m to limit particle settling during decantation and to reduce the amount of impurities in the clay aggregates. The <2 m fraction was taken from the suspension according to Stoke's law, placed on a glass slide. The oriented aggregates were subjected to three successive treatments, air drying, ethylene glycol (EG) solvation and heating at 500 • C for 4 h, to identify the minerals of the clay-size fraction. Qualitative identification was performed by referring to the interlayer space [40] and the values of the intensity of the main reflections between the three X-ray patterns, characteristic of each mineral. Semi-quantitative estimation of clay minerals is based on the height of specific reflections measured in general in the Ethylene glycol runs, multiplied by corrective factors [41] . The carbonate (CaCO 3 ) content in the samples was measured using a Bernard calcimeter, on the basis of the volumetric analysis of the CO 2 liberated during hydrochloric acid leaching. The chemical composition of major elements was determined by X-Ray Fluorescence spectroscopy (XRF) with a Panalytical Axios spectrometer equipped with Rh-tube, using argon-methane gas. Data handling was performed with the IQ + software (University of Liege, Belgium).
Ceramic properties
Preparation and mix proportioning. The materials studied were dried at 100 • C in the oven. Then, they were finely ground (mean grain size < 100 m) using a planetary ball mill (PM100, Retsch, Germany). Samples were placed on a tungsten carbide jar with a holding capacity of 250 mL containing seven tungsten carbide balls (d = 15 mm) at a speed of 350 rpm. Six mixtures were performed (M1-M6) according the proportions reported in Table 3 . It is noted that each mixture contained a considerable quantity of material ∼100 g, enough to manufacture ceramic bodies in the form of a rectangular briquettes with 10 cm × 5 cm × 1 cm of average size. The mixtures prepared were wetted at 7 wt.% and then homogenized and sieved with a 100 m mesh. The powdered mixtures were uniaxially compacted using hydraulic press under a pressure of 30 MPa. The bodies obtained were dried in the open air for 24 h and afterward in the oven at 110 • C for 24 h. Then, they were fired in an electric furnace (Thermolyne 46200) in an oxidizing atmo-sphere following two different temperatures steps: from room temperature up to 600 • C with heating rate of 3 • C/min during 30 min. From 600 • C to 1300 • C with heating rate of 3 • C/min for 30 min. After firing at 1300 • C, the furnace was cooled down to room temperature with cooling rate of 5 • C/min. The process was repeated for sintering at 1500 • C using the same procedure. Three replicate bricks were tested for each mixture and the average values were taken.
Technological test
Fired products were characterized to determine their mechanical properties like flexural strengths with three-point bending. This test was carried out at ambient temperature. The loading procedure consisted of applying a preliminary load (0.05 kN) at a rate of 0.5 mm/min to eliminate positioning defects of the specimens. The distance between bottom supports was 80 mm. The determination of the value of shrinkage was done by the measurement of the variation of the average lengths of the lines recorded on briquettes between drying at 110 • C and firing at 1300 and 1500 • C. The following formula allows the calculation of the firing shrinkage: Shrinkage (%) = (L110 − Lt/L110) × 100, where Lt is the length after firing, and L110 the length after drying at 110 • C. The water absorption, bulk density and apparent porosity were measured according to ASTM norm [42] .
As the major properties of the refractory materials are intimately connected to their mineralogical composition, the samples were finely crushed and analyzed by X-ray diffraction. The different phases formed after firing at 1300 and 1500 • C were identified using the X'PertHighScore Plus software. The samples microstructure was evaluated using scanning electron (SEM) and polarized microscope (using both natural light "AL" and polarized light "APL"). For this latter, we started by making thin slices approximately 30 m thick in brick fragments fired at 1500 • C. These thin sections have been observed under a microscope Olympus BX 51TF (Scientific Institute, Rabat). Scanning electron microscopy (SEM) images were obtained on the refractory product with a Philips XL30 SEM (University of Liege, Belgium). Phase identification of the ceramic refractory was also performed by dispersive X-ray spectroscopy (EDX). The images were obtained with a secondary electron detector at 10 kV. The <250 mm fraction was dispersed over a sample holder and gold-sputtered for (EDX) analysis.
Results and discussion
Mineralogical and chemical analysis
Mineralogical composition (XRD) and carbonate contents of the raw materials (halloysite, diatomite, marl, sand silica and recycled alumina (Rec-Al) are showed in Table 1 .
The halloysite consists mainly of 7Å non-hydrated halloysite (68% of metahalloysite) and traces of smectite and illite. It occurs in association with gibbsite, alunite, K-feldspar and other minor phases (tridymite, fluorite and halite). The marl is characterized by predominance of kaolinite (21%), illite (20%), quartz (18%), calcite (18%), and small amounts of feldspar, dolomite, hematite and chlorite. The diatomite mostly contains calcite (26%), quartz (24%), smectite (22%) and dolomite (12%), with small amount of illite and feldspar. For the silica sand, quartz is the major mineral (93%) as shown in Fig. 3 . Whereas, the recycled alumina (Rec-Al) is mainly composed of mullite (71%, Fig. 4 ). Contents of carbonate (CaCO 3 ) are moderate in marl (16%) and high in diatomite (23%). The chemical compositions of raw materials, performed by X-Ray Fluorescence (XRF), are reported in Table 2 . The most abundant oxide is SiO 2 , which is the highest in sand silica (96.1%) and diatomite (71.5%). The highest value of Al 2 O 3 is recorded for recycled brick (65.13%) and halloysite (37.4%). Marl is characterized by relatively high contents of iron (Fe 2 O 3 = 10.71%).
Ceramic properties of silico-aluminous refractory"S-Al-R"
In this study, refractoriness corresponds to melting point. Halloysite has good properties for refractory ceramic. However, correction with other components is required for avoiding cracks development during firing, and also to minimize its shrinkage during sintering [20] . For this reason, six mixtures (M1-M6, Table 3 ) were used to manufacture ceramic bodies well stabilized and resisting to high temperature at 1300 • C (silico-aluminous refractory "S.Al.R"). Technological properties of fired samples are reported in Table 4 . The results show significant fluctuations which confirm the close relationship between the composition of the raw materials and the quality of the finished ceramic product.The sintered bodies M3 and M6 significantly have a greater flexural strength compared with others (M1, M2 and M4). The low values of firing shrinkage were observed for M1 (2%), M6 (2.7%) and M5 (3.8%), and more important values are showed for M4 (5%), M3 (6.92%) and M2 (9.85%). This relatively high shrinkage can be explained by the presence of a high amount of clay mineral, low amount of degreaser (sand) and the presence of alkaline and alkaline earths elements in raw materials. Kaolin clay (halloysite) and marl are known for their high plasticity, while, the diatomite material (SiO 2 > 70%) contributes to the glassy phase formation during sintering. The consequence of --35  M2  80  -20  -M3  80  20  --M4  50  -25  25  M5  50  25  -25  M6  50  25  5  20 glassy phase formation is the increase in firing shrinkage. The addition of 20-25% of sand fraction in the mixtures M4, M5 and M6 decreases the firing shrinkage to 5%, 3.8% and 2.7% respectively. The large values of water absorption (13.07% and 13.51%), and porosity (27.96% and 28.02%) were observed for M1 and M4 respectively. The increase in these parameters is due to the presence of a large amount of quartz. In addition, CaCO 3 present in diatomite and marl, begins to decompose to CaO at 700 • C, this decomposition during firing is often accompanied by the release of CO 2 outside the fired samples tending to create porous structure. According to the results, the mixture M6 (50% halloysite + 25% marl + 5% diatomite + 20% silica) is the most optimal silico-aluminous refractory ("S-Al-R"), resisting to firing temperature that exceeds 1300 • C. This mixture (M6) has a lower linear shrinkage firing (2.7%) and a flexural strength 
Effect of recycled refractory brick waste "Rec-Al"
In this study and by reference of a previous research [7] , we have added 25% of Rec-Al in silico-aluminous refractory (M6). Thus, we have noted a very interesting improving the quality of the refractory obtained. This incorporation of alumina brick waste allows increasing the flexural strength to 45.08 MPa. These properties are essentially due to the high amount of mullite contained in the refractory brick waste (Fig. 4) . The sintered bodies at 1500 • C, are of good quality, without any [44] 45.08 Apparent porosity (%) [42] 22.85 Water absorption (%) [42] 11.53 Bulk density (g/cm 3 ) [42] 1.98 cracks and surface damage, no deformation and especially a very small shrinkage 2.1% is showed ( Fig. 5 , Table 5 ). The observations on the polarized microscope of the fired specimen at 1500 • C (Fig. 6) show that the studied material appears heterogeneous with some anisotropic crystals of quartz, amorphous zones and porosity. Quartz crystals are xenomorphic and show recognizable by their hue of polarization and their gradual extinction.
SEM images and associated EDX spectra (Fig. 7) show the presence of mullite (rich in alumina) in the form of entangled needles and bounded by a large amount of amorphous phase (37%, Table 6 ), supporting the refractory character of the mixture. This morphology and disposition of the mullite grains are advantageous to enhance mechanical strength. It is observed that the obtained refractory contains significant pores which have irregular shapes and sizes and randomly distributed throughout the mass of the material. This is caused by the shaping operation, the release of moisture, decomposition of CaCO 3 , presence of inert materials (quartz and Rec-Al) inside the structure and binder structure water during firing.
The X-ray diffraction pattern (Fig. 8b) evidences the presence of mullite, quartz, small amount of cristobalite and vitreous phase (large background between 2Â = 15 • and 2Â = 30 • ).
The increasing firing temperature from 1300 • C to 1500 • C (Fig. 8) is marked by a decrease in the intensity of the quartz peak and the disappearance of anorthite. This is explained by partial dissolution of amorphous phase content, which become diffuse (bending). The considerable development of mullite crystals is expressed by the increase in its peaks intensities ( Fig. 8 , Table 6 ). Pores still occur with irregular shapes and sizes due mainly to CO 2 release from the decomposition of plagioclase (anorthite). The free CaO would react with the silico-aluminous matrix.
Conclusion
The results of this study confirm the close relationship existing between the composition of raw materials and the quality of the ceramic products. The use of well selected mineral aggregates, contributes to enhance halloysite properties and leads to a marked improvement in the quality of the ceramic product, through a reduction on their firing shrinkage and an increase of flexural strength. The use of marl, diatomite and silica sand as mineral adjuvants with halloysite with well-defined proportion give ceramic of good quality. Thus, the formula of mixture M6 (50% halloysite + 25% marl + 5% diatomite + 20% silica sand), gives already a good ceramic: resisting to a temperature exceeding 1300 • C, has low linear shrinkage firing (2.7%), no cracks were observed on the faces, the edges remained straight, the flexural strength is equal to 29.05 MPa and is rich in mullite. Technological characteristics of these ceramic are very interesting to justify the use of this formula as silico-aluminous refractory (S-Al-R). Addition of 25% of Rec-Al powder to S-Al-R gives a new composition very improved. Firing shrinkage decreased from 2.7 to 2.1%. The flexural strength has increased from 29.05 to 45.08 MPa, as well as firing temperature increased from 1300 to 1500 • C. The result of this study corroborates previous work on silico-aluminous refractory by Sadik et al., 2013 [43] and shows that the addition of aluminous refractory waste, rich in mullite, allows both to obtain a high mechanical high performance refractory while solving a problem of solid waste storage.
